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ABSTRACT

Detailed measurements of wall pressure fluctuations

have been made in the intermittent region of a flat plate

F boundary layer. Digital sampling and processing techniques

were used. The properties of these pressure fluctuations were

found to be similar to the previous measurements made in the

fully turbulent region. The measurements were repeated with

a single two dimensional surface roughness on the plate. The

only changes in the results were a decrease in the transition

Reynolds number from 2 x 106 to 1.2 x io6 and an increase in

the decay rate of the longitudinal cross-spectral density

magnitude by a factor of about 1.5. Ernmons ’ analytical model

of the burst rate in the transition region was found to be

inaccurate. His model treats the sources of the turbulent

spots as independent random events with prescribed probability

density functions. Both a delta function and a constant

were used as the source density functions and in each case

the burst rate was about two times higher than the present

measurements.
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NOMENCLATURE

CfL local skin friction coefficient (T
~
/l/2pU

~
2) for

laminar flow

Cfm skin friction measured

CfT skin friction for turbulent f low

d diameter of microphone pinhole or distance of S

(x—x 0) tanci

E[ ) expected value

f experimental frequency (cycles per second)

frequency of FFT .5

turbulent burst frequency

f B* non-dimensional turbulent burst frequency

g(P) source rate probability function at point P on plate

H(x) Heaviside function , H=O if x < O ,  11=1 if x>0 ,
H=l/2 if x=O

k two dimensional roughness height

n line source rate

p(t) pressure signal

P ( f ,T) f inite Fourier transform of p (t )

Fourier transforms of p(t) and q(t) approximated by
an FFT (at frequency f j )

j  q total head, 1/2 pU~
2

microphone separation vector distance

lateral microphone separation

rS streamwise microphone separation

R retrograde cone region
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truncated cone reg ion

Re~ 
Reynolds number based on x , U~:/v

R~~( r )  autocorrelation of p(t)

R~~(r 1 ’r) cross-correlation of pressures at points separated by

t time

At turbulent burst duration at point P on plate

U mean streamwise velocity

convection velocity of pressure field

Ug growth velocity of turbulent bursts

leading edge velocity of bursts

Ut trailing edge velocity of bursts

U~ free stream velocity

x y  streamwise and vertical coordinates on plate

reduced x coordinate,(x-x
~
/AXT

x~ transition point

transition length, x~1~0 ~~ 
— x J ,~~001

complex Fourier transform of 2 ( t ) ,  approximated by
a complex FFT

a burst spread half angle

y intermittency

boundary layer thickness

local laminar boundary layer displacement thickness

Measured displacement thickness

local turbulent displacement thickness

integration variable
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O ( ~~
) cross-spectral density phase

0m measured boundary layer momentum thickness

fluid kinematic viscosity

p f luid density
U U a

0 * turbulent spot convection parameter , 
~ ~ tana

TWT local turbulent wall shear stress

pressure spectral density

~ (f.) spectral density approximated by an FFT (atp frequency f~ )

average of approximate spectral densities

• (r,w) cross-spectral density of pressure signals separatedp b y r

~ (r , f . )  cross-spectral density approximated by a complex
FFT (at frequency f~ )

w circular frequency

temporal average
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1. INTRODUCTION

Wall pressure fluctuations in the turbulent boundary

layer have long been recognized as important sources of vib-

ration of marine and aircraft structures. In marine applica-

tions , the effect of turbulence on sonar structures is of

considerable importance. It is well known that the turbulent

j boundary layer is a major source of sonar self-noise.

Boundary layer flows have received much attention in the

past and an excellent list of publications may be found in

White [1]. Two works that are of interest in this study are

those by Blake [2] and DeMetz and Casarella [3]. Blake

presented a thorough experimental study of the wall pressure

fluctuations in fully turbulent , flat plate boundary layers.

The statistics he measured are of great value in the design of

structures exposed to turbulent flows. DeMetz and Casarella

investigated the intermittent portion of a flat plate boundary

layer. They presented many details of the intermittent region

but did not measure any spatial statistics. The properties of the

intermittent region are important because it may cover most of a

small structure and cause an appreciable ariount of excitation.

This report presents the results of an experimental

study of the wall pressure fluctuations in the intermittent

region of transition to turbulent flow on a flat plate.

The study is similar to the one of DeMetz and Casarella [3]
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but includes measurements of spatial statistics (cross—

spectral densities). Experiments were done in the low noise ,

low turbulence acoustic wind tunnel in the Acoustics and

Vibration Laboratory at the Massachusetts Institute of

Technology. Two phase-matched condenser microphones wi th

pinhole caps were used to obtain wall pressure signals.  The

statistics of these signals were calculated digi tally using

a minicomputer. The intermittency , average burst rate and

average burst period along wi th  the auto and cross-spectra l

densities were calculated for many test configurations.

Convection velocities were calculated from the longitudinal

cross-spectral densities.

The results obtained compare well with the measure-

ments of Blake [2] and DeMetz and Casarella [3). Most of

the data showed no dependence on intermittency . The auto-

spectral densities varied with intermittency but this

variation was most likely due to an improper scaling along

with the effect of spatial averaginq over the microphone.

The measurements were repeated with a single down-

stream facing step in the plate located just behind the

leading edge. The results were very much the same as for

the smooth case. The only noticeable changes were an

increase in the decay rate of the longitudinal cross-spectral

density magnitude and a decrease in the transition Reynolds

n umber.

— .5 ,- 5. 5
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2. PROPERTIES OF THE TRANSITION REGION

In the f low past a structure, the laminar portion of

the boundary layer is usually considered passive in the

excitation of the structure. This includes the non-turbulent

portions of the transition region . However, turbulent spot.s

can contribute an appreciable amount of exci tation and must

be considered . It is therefore important to be able to

predict the start and extent of the transition region as

well as its important statistical. properties. The transition

process has received much attention in the past , but only a

small number of investigations have been done on the

statistics of the intermittent req ion . The present work was

concentrated in this area.

2.1 THE TRANSITION PROCESS

The natural process of transition to turbulent flow

over a flat plate begins with the instability of eort.ain

small , random velocity fluctuations in the laminar flow.

Fluctuations with certain characteristics become unstable

and are known as Tollmien-Schlichting (T-~ ) waves. These

T-~ waves soon develop a three dimensionality . This is

followed by vortex breakdown at regions of high localized

shear and finally the formation of turbulent spots at areas

of intense fluctuations. Turbulent spots (or bursts) are

characterized by their high ].y random velocity fluctuations

-- - ——-S _ _
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and small scales of motion, much like a fu l ly  turbulent

boundary layer. Turbulent spots grow as they are convected

downstream and soon the entire boundary layer becomes

turbulent. Schubauer and Klebanoff [4] measured the size

and shape of a typical turbulent spot created by an electric

spark. Their findings are reproduced in Figure 2.1. This

f i gure shows the normal “arrowhead” shaped p lanform growing

at a half-angle of about 110. It also shows a profile view

of the spot. Figure 2.2 is an idealized sketch of the

transition process taken from White [1). Transition has

received much attention and is fairly well understood .

Hundreds of studies have been published on the many

interesting and of ten complex aspects of the transition

process.

Emmons [9] suggested that burst formation be modeled

with a source probability distribution. This method

requires that the probability of a turbulent spot forming

at a c~ rtainlocation be given by a probability distribution

in the streamwise coordinate. Dhawan and Narasimha (11]

have since shown experimentally , that burst formation

can bes t be modeled with a Dirac delta

function probability distribution . The location of the

delta function is usually called the transition point.

. 5  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Dhawan and Narasimha have also shown that the boundary layer

velocity profile in the burst region (as seen from a fixed

point) fluctuates between a Blasius profile between bursts

(originating at the leading edge) and a turbulent profile

during bursts (beginning at the transition point). Therefore ,

the mean velocity is a time average of the laminar and

turbulent portions. This observation will be used later in

Chapter 4.

The characteristics of wall pressure fluctuations

are of interest because they are the exciting forces in

flow related structural vibrations. Typical time histories

of the wall pressure in the transition region are shown

in the oscilographs of Figure 2.3. A turbulent spot appears

as a high frequency , disordered burst in the otherwise quiet,

microphone signal. The downstream growth and convection

of the spots can also be seen in this figure. The lower

signal was taken at a position slightly downstream of that

for the upper signal. A turbulent spot in the upper trace

appears slightly larger and later in the corresponding

lower trace due to the growth and convection.

2.2 STATISTICAL PROPERTIES

The one most important statistical property of che

intermittent region is the intertnittency factor , y. It

.5— -
—.5’ .5
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Streamwise Microphone Separation

___ —

Lateral Microphone Separation

FIGURE 2.3 Time Histories of Intermittent Wall Pressure
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is defined as the fraction of time the flow exhibits a

turbulent nature at a certain point. This can be writ ten :

N
y = E t1/T , (2.1)

i=l

where t1 are the lengths of the turbulent time periods , and

T is the total length of time. Since turbulent spots do

not have square profiles (see Figure 2.2), y varies with

vertical as well as horizontal position. Since the wall

pressure fluctuations are of interest , y will  be defined

as the fraction of time the wall pressure exhibits a S

turbulent nature , unless it is specified otherwise. Notice

that this is not the same as y defined by velocity

fluctuations near the wall because a certain amount of

averaging takes place in the pressure field over the

microphone. Obviously , y varies from 0 (laminar) at the

transition point to 1.0 (turbulent) at the start of the

fully turbulent boundary layer. It should be pointed out

that the ends of the transition region (y = 0, 1.0) are

difficult to locate accurately due to the random nature of

the transition process. Fair approximations can be made

using large averaging times.

Two other statistical properties of the wall

pressure in the transition region are the average burst

_ _ _  
_ _
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frequency and the average burst period. These are defined S

as the average frequency at which bursts appear and the

average duration of the bursts appearing at a point in the

transition region. The usual units are burst frequency in

bursts per second and burst period in seconds. It can be

easily demonstrated that of these three statistical

properties - intermittency, burst frequency and burst period

only two are independent , (i.e. burst period can be

calculated by dividing the intermittency by the burst

frequency).

The spectral density of the wall pressure is an

important statistical property . It is very useful in

determining structural excitation. For a stationary , 
S

randomly varying wall pressure, p(t), the autocorrelation

may be defined by:

S 

R~ (r) = E(p(t)p(t+t) ), (2.2)

(see Crandall and Mark [123). Here E[ 3 denotes an

ensemble average. Taking the Fourier transform of the

autocorrelation and dividing by 2-it defines the spectral

density of p (t),

~ J R~ (t ) e
iWt di. (2.3)

- 5—-- - .
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Defined in this manner the spectral density is a measure of

the frequency distribution of the energy in p(t). It

can be shown that R.~ is an even function of r. Therefore

is an even, positive real function . It can also be shown

that the mean square pressure , p2 (t) is equal to the area

under ~~ (w)~ or:

p (t) = J ~~~~ ( w)  dw. (2.4)
-~~

The spectral density is a good measure of the temporal

characteristics of the wall pressure . However, it provides

no information regarding the spatial var iations. One method

of obtaining spatial information is to make two wall pressure

measurements simultaneously , and calculate the cross-spectral
S 

density. This method was used by Blake [2], Bull [13),

Willmarth and Wcoldridge [14] and others. For two wall

pressure signals separated by a vector distance , ~~~, [p (i,t)

and p(~ + ~~~, t)] the cross-correlation may be defined by:

R~ (r1 -r ) = E[p(~~,t)p(i + i, t + T ) ] .  (2. )

) again denotes an ensemble average , and p(x,t) and

p(~ + ~~~, t) must be stationary in time and spatially in the

plane of the wall. The cross-spectral density may now be

defined by:

- 

5 -- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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= 

~~ Sf Rp(~~,T)e~~
WT dr. (2.6)

Since R~~(r.r ) is not necessarily an even function, 4 (r,&~) is

in general complex. It is usually presented as a magnitude

and a phase. The magnitude is a measure of the correlation

of the two signals at each frequency . The phase can serve

as a measure of the convection velocity of turbulent eddies.

If the separation , r is in the streamwise direction , the

convection velocity, Uc can be obtained from the relation:

w~/O (w) (2.7)

where 0(c~) is the phase of the cross-spectral density.

Previous studies have indicated that turbulent spots

have many of the same characteristics as a fully turbulent

boundary layer. Velocity or wall pressure signals taken in

a turbulent spot show the high frequency , apparently random

fluctuations that are also found in a turbulent boundary

layer. DeMetz and Casarella [33 have shown that the wall

pressure spectral density in the intermittent region has

the same general characteristics as a turbulent layer,

although the magnitude is less because of the presence of

non-turbulent regions in the flow. Cantwell, et al [7)

have shown that the boundary layer velocity profile in a 

-.5-.-- - .5 - -. .  -
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turbulent spot contains a law of the wall reqion

and a wake region, just as is found in a turbulent boundary

layer. These observations seem to indicate that a turbulent

spot is essentially an isolated region of turbulence . It

would be helpful if some of the statistics in the inter-

mittent part of the boundary layer could be compared

directly to the turbulent data. This may be done if the

intermittent data is first corrected for the non-turbulent

portions of the flow . DeHetz and Casarella [3] ha ve

shown that the following relationship holds for the mean

square wall pressure in a fully turbulent boundary layer ,

p2(t) 
~~~~~~~~~~~~ 

and the mean square wall pressure in an inter-

mittent boundary layer, p

= ~ p
2 (t)l~~. (2.8)

Combining equations (2.4) and (2.8) yields the relation :

= 
~ ~p~ )I y • (2.t4 )

*Notj~~ that p2(t) I~ is the mean square of the total pressure
signal, not just the turbulent part.

.5 - -.——‘—---
~~~ 
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Equation (2.9) allows the direct comparison of the turbulent

statistic , •~ (w) I 1 1  and the intermittent one,

S -~~~~~~~~ - - — . 5  —- -— - -‘—.5—--  - 5 -— .5- ——— _~~~— -.5— .~~~~~~-
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3. EXPERIMENT AL EQUIPMENT AND DATA PROCESSING

3.1 EXPERIMENTAL FACILITY

The experiments were conducted in the MIT low-noise,

low—turbulence open circuit wind tunnel. This facility is

shown in Figure 3.1 and is described in detail in

Hanson [15]. It has a flow speed range of 20-50 m/s,

controlled by varying the speed of a DC motor driving the

blower. Since the work of Hanson, the tunnel has been

modified to improve its inherent freestream turbulence

and to further reduce noise. The settling chamber has

been extended and the number of turbulence reducing screens

has been doubled. Behind the screens holding the honey

comb flow straighener , there are six 16 x 18 mesh screens,

followed by two 48 mesh screens and a two foot settling

zone. Figure 3.2 shows the 1/3 octave band levels of the

free stream turbulence component u’ obtained for various

tunnel speeds. Figure 3.3 shows the resulting percentage

turbulence level as a function of free stream velocity.

The turbulence level is approximately 0.05%. Tani [16]

and Spangler and Wells [17] have shown that reducing

free stream turbulence below this level does not change

the transition Reynolds number. The acoustic noise created

_  
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by the tunnel has been reduced by the isolation of the

tunnel and b lower , the installation of a muffler—diffuser

and the application of vibration damping and sound absorptive

material to the blower. The sound pressure spectrum levels

measured just outside the mixing zone in an open jet

configuration , are shown in Figure 3.4, for a free stream

velocity of 50 rn/s. It is felt that the noise levels are

low enough~by compar ison to Spangler and Wel ls, as to not

have an appreciable effect on transition. An open jet

configuration was used in order to allow some of the sound

generated to propagate into the blockhouse. The block-

house was airtight and comp letely lined with two inches

of polyurethane foam for sound absorption. This facility

has been used for boundary layer research in the past by

Blake [2], Martin [18], Shapiro [19] and Moeller [20].

3.2 TEST FIXTURE

Experiments were performed on a flat plate mounted

in the wind tunnel test section. The test section was

- 

- located immediately behind the contraction and just inside

the blockhouse. It was 15 inches (38 cm) square and 6 feet

(183 cm) long and was lined with smooth sound absorptive

material. It had movable walls for controlling the

_ _ _  
. 5 -
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pressure gradient. The test section was also equipped with

a mechanical x-y traverse. This traverse was accurate

to 0.001 inch (0.025 mm) vertically and to 0.1 inch (0.25 cm)

horizontally . It was used to position a hot wire

or a pressure probe during the measurement of the mean flow

properties on the plate.

The test plate was 15 inches (38 cm) wide and 48 inches

(122 cm) long and was mounted horizontally in the test

section 5 inches (12.7 cm) above the bottom (see Figures 3.5

and 3.6). The plate was located below center to minimize the

secondary flow effects described by Shapiro [19]. The plate

was constructed as a composite sandwich to increase the

vibration damping (see Figure 37). The upper layer was

made of 0.25 inch (0.635 cm) aiwninuin tool and jig plate

to provide a flat, easy to polish,surface. The center layer

was made of a 0.125 inch (0.317 cm) thick sheet of visco-

elastic vibration-damping material (E-A- R C-1002, from E-A-R

Corporation, Wes twood, Massachusetts). The lower layer

was made of 0.125 -inch (0.317 cm) thick aluminum plate.

The whole sandwich was bonded together with a two-part

polyurethane adhesive, chosen for its high peel strength.

This construction technique was developed by Shapiro ,

and resulted in a damping of 11 to 40% of critical damping
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(depending on temperature and frequency). The leading edge

of the plate was solid 0.50 inch (1.27 cm) thick tool

and jig plate machined into a 6:1 ellipse (see Figure 3.8).

This shape was chosen by Shapiro because of its

practical shape and lack of a strong pressure gradient

which could cause premature transition. The pressure

transducers were flush mounted in two rotatable 3 inch

(7.62 cm) diameter disks (similar to DeMetz and Casarella’s

[3]). Rotation of these disks allowed transducer

separationsof 0.275 to 5 inches (0.7 to 12.7 cm, see

Figure 3.5). The trailing edge was made of a thin splitter

plate, much like the one used by Shapiro , which

extended rearward to prevent coherent vortex shedding from

creating plate vibrations (see Figure 3.8).

The plate was assembled and the upper surface was

polished to a surface roughness of about 5~ inches (0.127 microns)

RMS. It was then mounted in the test section and adjusted

to have a minimum pressure gradient. The variation in

pressure obtained over the length of the plate at a free

stream velocity of 35.8 rn/s is shown in Figure 3.9. The

maximum variation was about 1% of the total head (excluding

the leading edge). 
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A series of f low visualizations were done to

investigate the effect of the transverse turbulence

contamination of the plate. Figure 3.10 shows the extent

of the contamination for a free stream velocity of 35.6 m/s.

During pressure measurements, the transducers were always

kept at least 0.48 inch (1.2 cm) from the edge of the

contaminated region to prevent false signals.

Some of the experiments were done in a “rough”

wall conf iguration . The roughness condition consisted of

a single , downstream facing step in the plate (see

Figure 3.11) 0.017 inch (0.043 cm) high , and 4.25 inches

(10.8 cm) downstream of the leading edge. This type of

roughness occurs of ten in structures at welds and other

seams. Tani [16] determined that for transition to occur

at such a roughness , the following expression should be

true:

k 826. ~3~— (3.1)

where k is the height of the step. In the present work

k 0.022 inch (0.056 cm) for immediate transition.

Experiments were done at k = 0.017 inch

to investigate the characteristics of transition in the case

where it begins downstream of the step.

_ _ _ _ _ _ _ _ _ _ _ _
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3. 3 INSTRU~~NTATION

The size of the transition region (including the

starting point and the length) were measured using a

hot wire anemometer probe (Thernio- Systems Inc. probe model

l26l-Tl,5) with a Disa model 55005 battery powered ,

constant temperature anemometer and a Disa model 555Dl5

linearizer. A schematic of this equipment is shown in

Figure 3.12. Static pressure measurements were made with

a static pressure tube and a I3etz micromanorneter. The

resolution of this micromanometer was 0.1 mm H20. The free

stream velocity was monitored by measuring the pressure drop

across the wind tunnel contraction section with the

• micromanometer. This provided a resolution of about 0.1 rn/s.

A calibration was performed by Shapiro [19] to ensure an

accuracy of about 0.1 rn/s.

Wall pressure fluctuations were measured using two

Bruel and Kjaer type 4138, 1/8 inch , phase matched condenser

microphones fitted with 1/32 inch pinhole caps. The

electronic circuitry is shown in Figure 3.13. Final

statistical calculations were made digitally using an

Interdata model M70 mini-computer in conjunction with a

two channel eight-bit analog to digital converter . The

digital calculations were made using the data acquisition
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computer program described below. This system provided a

frequency range of up to 25,000 Hz with a resolution of

1/256 of the maximum frequency . Phase matched amplifiers

and band pass filters were used to condition the signals

prior to analysis to gain the maximum signal to noise

ratio and prevent aliasing problems. A single channel

spectrum analyzer was used to detect signal contamination.

By placing tape over the pinhole microphones to

eliminate the turbulent pressure fluctuations, noise

from the equipment, from vortex shedding, and from vibrations

could be detected and dealt with. Figure 3.14 shows typ ical

spectra of the taped and untaped microphone signals. This

figure indicates that there is a substantial amount of noise •

below 1000 hertz. This noise is mainly microphone noise, and

acoustic noise. Measurements were made with an accelerometer,

which indicated extremely low vibration levels. Also the

coherence between a pinhole microphone and an external

microphone was measured. These signals were not correlated ,

indicating that vortex shedding was not a major problem.

Frequencies below 1000 Hz were not analyzed to avoid noise

contamination.

The calibration equipment is also shown in Figure 3.13.

A General Radio, model 1390-A random noise generator was used to

.5
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provide a wide band calibration of the equipment chain. The

results of this test are shown in Figure 3.15. The equip-

ment sensitivity was determined using a Bruel and Kjaer

type 4220 pistonphone. This device provided a sinusoidal

pressure fluctuation of known magnitude at a frequency of

250 Hz. An P.MS voltage measurement was made with a Bruel

and Kjaer type 2607 measuring amplifier. The sensitivities

were determined as channel A: -63.5dB re 1V/pa,

channel 8: -65.4dB re 1V/pa.

The microphones were tested for relative phase

match by Bruel and Kjaer Instruments Inc. on December 30, 1974.

The results are shown in Figure 3.16. The frequency response

of each microphone was also checked, using a Bruel and

Kjaer type 4133 1/2 inch condenser microphone as a

reference. The equipment schematic and results for this

test are given in Figures 3.17 and 3.18. A Helmholtz

resonance of the pinhole cavity was noticed at about 17,000 Hz.

Because of this resonance , the analysis was extended only up

to 13500 Hz.

3.4 DATA ACQUISITION~ ND PROCESSING

The data acquisition computer program was divided

into three major parts, (a listing can be found in Appendix A).
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The first part was a data sampling and an analog to digital

conversion. Then a conditioning was done on the data to

determine its intermittent characteristics . The method

used was similar to that of Hedley and Keffer [2].].

Finally , a spectral analysis was done on the conditioned

signal.

The conversion was done via two analog to digital

(A/D) converters with the subroutine CONVRT (written

by G. Holmes, see Appendix A). CONVRT read the A/D

converters at a rate equal to twice the maximum frequency

of inteiest to prevent aliasing. This data was stored in

a data array for furtl.er processing.

A conditioning was then done on the entire data

array. The signal was first squared and then differentiated

(using a central difference scheme). This magnified the

inherent differences between the laminar and turbulent

portions of the signal. The signal was then averaged over

successive small “smoothing intervald’ to smooth out sharp fluc-

tuations. Finally , the conditioned signal was compared to

a predetermined “criterion level” . The portions of time

that the conditioned signal was greater than the criterion

level were taken as turbulent spots. Since the character-

istics of the turbulent spots were of interest, the laminar

_ _ _
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portions of the signal were set equal to zero. This reduced

the amount of non-turbulent signal present (i.e. Tolimien—

Schlichting waves , noise, etc.). This entire conditioning

process is shown schematically in Figure 3.19.

The conditioning process had two variables, smoothing

interval and criterion level. These variables were adjusted

so that small changes in them would not cause noticeable

changes in the resulting conditioned signal. Hedley and

Keffer [21] have shown that the burst rate is the statistic

most sensitive to changes in the conditioning of the signal.

Figures 3.20 and 3.21 show the effect of smoothing interval

and criterion level on the burst rate. Figure 3.22 shows

a typical raw signal with a “criterion function” superimposed

on it. The criterion function was equal to one during

turbulent spots and zero during the laminar portions of the

signal. This figure provides a good check of the signal

conditioning.

The final part of the data acquisition computer

program was to perform the statistical calculations. First

the intermittency function , burst rate and burst period were

calculated for the data array. Then a spectral analysis

similar to that of DeJong [22] was performed on the data

array.
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The spectral analysis involved calculating spectral

estimates from the random pressure signals. The theory

of random signal processing is well developed (see Bendat

and Piersol [23] or Oppenheim and Schafer [24]). The wall

pressure spectral density was defined in Chapter 2 by:

1 ~ WT
= 

~~ J 
R~, (t ) e dr , (2.3)

where R~ (T) was defined as:

= E[p(t)p(t + i ) ] ,  ( 2 . 2 )

and p(t) must be stationary. If p ( t )  is also ergodic, (2.2-)

may be replaced by:

R~(r) = lim~ I p ( t )p (t  + r ) d t
T-
~~ ‘

-P/2

= <p(t)p(t + t ) ’  (3.2)

> denotes a temporal average). The assumption of station-

arity is good if the statistics of the pressure signals do

not change over relatively long periods of time. Although

it cannot be rigorously proven, the signals were assumed to

be ergodic. This allowed the temporal average to be used,

which provided an easier calculation method. The Fourier

transform is used extensively in the analysis of random

signals . A useful approximation is the finite Fourier

transform:

P ( f ,T) = p(t)e~~
2
~~

t dt. (3.3)

L
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P is a function of the integration interval , P and the

frequency, f (f w/2n) . p ( t)  must be stationary . If the

assumption of ergodicity is correct , the f ini te  Fourier

transform and the temporal average may be used to calculate

the spectral density instead of equation ( 2 . 4 ) .

$ (f) = u r n  ~ <~P(f,T)l
2> (3.4)

Notice that since the experimental frequency , f , is

being used ,

= ~~ $~,(f) (3.5)

The finite Fourier transform may be approximated by the

sum:

P( f ,T) = h 
N~l p(nh)e 2 1

~
h, (3.6)

n=o

if the function p (t )  is sampled N times with a time interval

h. Here T is equal to Nh. An eff icient  method of computing

this sum , is the fast Fourier transform, or FFT , deve loped

by Cooley and Tukey (25) .  The FFT requires only 2N log2 N
2multiplications, instead of N , and provides the value of

P( f ,T) at frequencies of f j  — J/T . The FFT requires N to

be an integral power of 2 and the result may be written as:

- - - . 5  .5— 



-t -58-

= ~P(f~~T)1 J=0,l,...~t — 1. (3.7)

An estimate of ~~(f) may now be written as:

= :P~~~ I

2

~~ 3 = O,l,...~ — 1. (3.8)

Due to the randomness of the function p (t), the standard

error of the estimate , •~~(f ~ ) is 1. If •~~(f ~ ) is calculated

for a large number of data sets , the standard error may be

reduced to /17!.i (where M is the number of data sets) by

taking the average , ~~~(f j )~~Of all the •~~(f ~~) ’ s. We now

have :

M . .
= M k=l 

‘
~p, k~~~j ’

or —

~~ 
(f . )  = ! E ~~ j ; . j 2 , j = 0,l ,...~ — 1. (3.9)

k—i

If two random pressure signals, p(t) and q(t), are

sampled simultaneously, a joint spectral analysis may be

done using the theory of complex numbers . If a complex

number is defined as:

z(t) — p(t) + i q(t ) , (3.10 )

Then a complex Fourier transform may be approximated by:

~2irin
N- i N

Z j  — E [p(nh ) + i q (nh)]e
n— o

j O,l,...~ — 1 (3.11)



- - - --.5 . --. 
. - -  

- . 5

—59—

This relation now provides:

- 1 - ’
Pj~~~~~~

(Zj + Z N_j)

and

= 
~~~~~ (Z~ 

— Z~ _~ ) (3.12) —

where * denotes complex conjugate. $~,(f1
) and ~q(fj) may

now be obtained from these relations and equation (3.8).

The cross-spectral density is defined as:

= u r n  ErP(f,T)Q*(f,T)]. (3.13)

-- .5- -

is tne vector between pressures p(t) and q(t).

•(~~,f) may be approximated by: 
—

l~j) 
= ~ Pj k* . (3.14)

The standard error of ~~~~~~ can be reduced by averaging,

as with

The data acquisition computer program performed

these complex FTP calculations, obtaining the pressure

spectral densities and the cross-spectral density. All

of the spectra were multiplied by l/y to correct for the

intermittency. During the data acquisition M was set at

-.5 -.-.~- — .5- -- .5— --—-— .5-—
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250 so that the standard error was 6.3%.

Another computer program was used to non-dimensiona-

lize and plot the spectral data and to calculate the

convection velocity. Both of these programs may be found

in Appendix A. 

—-,—- — -~~~~ ~~~~ .-.5—- -- .5- . - .5- -
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4. DISCUSSION OF RESULTS

4.1 MEAN VELOCITY MEASUREMENTS

The characteristics of the mean velocity profiles in

the intermittent region are listed in Table 4.1 for various

flow speeds. In the intermittent region the boundary layer

had two distinct behaviors - laminar and turbulent. Dhawan

and Narasimha [11] have shown that mean velocity measurements

in this region result from time average over a laminar profile

and over a turbulent profile. They have also shown that a

very good approximation of the flow characteristics are

obtained by averaging a Blasius boundary layer with a 1/7 power

law turbulent boundary layer. However, a virtual origin at

the transition point must be used for the turbulent boundary

layer. Figure 4.1 shows a typical mean velocity profile that

we measured in the intermittent region. A law of the wall

profile and a Blasius profile are also shown for comparison .

The measured displacement thickness, 
~~~~
, can be

expressed by:

= y6~ + (1 — y)6~ , (4 .1 )

where is the displacement thickness of the Blasius boundary

layer and is that for the turbulent layer. A similar

expression can be written for the coefficient of skin f r iction ,

Cfm: Cfm ‘YC fL + (l
~
Y)CfT . (4.2)

Since it is the behavior of the flow in the turbulent spots 
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TAnLE 4.1

~~ xio3T C xlO
Velocity x~~~~0 0 1  xt ~~~0 9 9  (x=0.9lm ) x~~.91m)(m/s) Cm) Cm) 

Eq. 4.7 Eq. 4.3

Smooth Condition

36.0 0.41 1.09 1.22 3.65
37.6 0.36 1.02 1.32 3.56
38.3 0.33 0.94 1.37 3.51
39.0 0.30 0.89 1.43 3.47
39.5 0.28 0.81 1.47 3.44
40.0 0.25 0.76 1.53 3.41
40.5 0.23 0.71 1.56 3.38
44.5 0.20 0.66 1.60 3.30
45.0 0.18 0.63 1.64 3.28
45.5 0.17 0.62 1.65 3.27

Rough Condition :1
22.0 0.64 1.07 0.77 4.49
22.5 0.61 1.02 0.84 4.38
23.0 0.57 0.99 0.94 4.26
24.0 0.39 0.94 1.34 3.90
25.0 0.29 0.79 1.55 3.75
25.5 0.25 0.71 1.63 3.69
26.0 0.23 0.64 1.66 3.66
26.5 0.20 0.53 1.72 3.62
29.0 0.17 0.33 1.76 3.53
29.5 0.15 0.30 1.80 3.51

L. —= -~ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ___  - . 5a t._ -.-— —s— — _ .5_.5_.5 .5.5 —
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that is ot interest, ‘5,~ and CfT are the desired parameters.

Measurements of skin friction were not made , but CfT was

determined from the approximate formula:

CfT 0.455/~n
2(0.O6 Re (x—x

~
)), (4.3)

(White [1]). The Reynolds number is based on (X
~~

Xt
) since

a virtual origin at the transition point (xt) was assumed.

The actual transition point was not located precisely, but

it was approximately determined as the point at which the

intermittency was 0.01. The hot wire anemometer and an

oscilloscope were used to locate this point.

and 0m were determined using trapezoidal rule

integrations of the integrals in their definitions,

and 

= i: (i - (4.4)-

0rn = f ~L 
(i — (4.5) —

where ‘S is the boundary layer thickness. ~~ was determined

using the following formula from Blasius’ theory :

= 1.7208x/v’~~~ . (4.6)

was then calculated using equation 4.1. For this cal-b

culation, y was measured using the data acquisition

computer program with the hot wire probe again placed

a distance of about 4’S above the plate. ~~ was also calculated .5

using the approximation:

- . 5  - -  -—  — -~~ - .5~~~
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Re
’S* 

0.018 Re
~1_~ 

~ (4 7)
T t

(White [1]). The measured values of are plotted in

Figure 4.2 against those calculated from equation 4.7.

4.2 MEAN PRESSURE MEASUREMENTS

Table 4.2 gives a summary of the mean and intermittent

characteristics of the wall pressure field. The extent of

transition on the test plate is shown in Figure 4.3. The

var iation of intermittency with Reynolds number (based on

x, the distance from the leading edge of the plate) is shown

for both the smooth and rough conditions. Recall that in

the rough condition, the test plate had a 0.015 inch

(0.381 mm) high two dimensional reverse step located 4.25

inches (10.8 cm) behind the leading edge.

In both cases , the variation of interrnittency is in

the form of a Gaussian integral curve. Similar results

have been found experimentally by Schubauer and Kiebanoff [4]

and DeMetz and Casarella [3] and analytically by Emmons [9].

The effect of the roughness was to reduce the transition

Reynolds number from about 2 x 106 to 1.2 x 106.

The non-dimensional burst frequency (fB*) is plotted

against intermittency in Figures 4.4 and 4.5. Theoretical

results and the experimental result of Farabee , et al [10]

are also shown. The theoretical results were obtained by

- -~~-— ~~~~ - ~~~
—--—— - -——---. 

~~~~~~~~~~~~ 
-— _ _~~_ .5_ .5___ ~~ _
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TABLE 4.2

R N Velocity x ~ B T
B(/) Cm) (Bursts)sec msec

Smooth Condition

3606 36.0 0.91 0.062 73.2 0.85
3824 38.3 0.91 0.245 60.8 4.03
3825 37.6 0.91 0.254 214.0 1.19
3940 39.0 0.91 0.399 73.7 5.42
3864 38.3 0.91 0.644 69.9 9.22
4069 39.5 0.91 0.688 66.3 10.4
4089 39.5 0.91 0.894 32.2 27.8
4076 40.5 0.91 0.765 64.4 11.9
4499 44.5 0.91 1.000 0.316 3160
4599A 45.0 0.91 0.997 1.50 665
3818 37.6 0.91 0.184 48.7 3.78
3922 39.0 0.90 0.218 52.3 4.16
3840 38.3 0.91 0.397 71.1 5.58
4041 39.5 0.90 0.406 70.8 5.74
3954 39.0 0.91 0.539 77.4 6.96
4046 40.0 0.90  0.464 71.9 6.46
4078 40.0 0.91 0.775 59.2 13.1
4065 40.5 0.90 0.652 76.7 8.50
4599B 45.0 0.91 0.998 1.18 843
4699 45.5 0.90 0.996 2.53 394

Rough Condition

2219 22.0 0.91 0.188 43.7 4.31
2322 23.0 0.91 0.219 46.7 4.70
2326 23.0 0.91 0.260 56.0 4.65

.5 2435 24.0 0.91 0.354 70.8 4.94
2440 24.0 0.91 0.401 76.7 5.23
2441 24.5 0.91 0.405 86.1 4.71
2570 25.0 0.91 0.701 81.4 8.62
2670 25.5 0.91 0.698 72.1 9.67
2999A 29.0 0.91 0.996 5.13 197
3099 29.5 0.91 0.993 7.90 126
2225 22.5 0.91 0.247 55.4 4.46
2325 23.0 0.90 0.25.]. 51.5 4.88
2448 24.0 0.91 0.475 80.4 5.91 .5

2639 25.5 0.90 0.389 76.7 5.07
2562 25.0 0.91 0.624 84.9 7.35
2652 26.0 0.90 0.525 82.8 6.34
2685 26.0 0.91 0.847 53.7 15.8
2674 25.5 0.90 0.734 70.9 10.4
2999B 29.0 0.91 0.989 9.24 10.7
2690 26.5 0.90 0.905 38.9 23.3 
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applying Emmons ’ [9] theory to two different source rate

density functions. In Figure 4 .4  a line source density

function was assumed and a constant source density function

F was used in Figure 4.5. In the constant case, the source

density function was constant downstream of the transition

point, but was set to zero upstream. In the line source

case Dirac ’s delta function was used as the source rate

function. The delta function was centered on the transition

point. The non-dimensionalization was done as in Farabee, et

al. For the line source : .5

H
~ B/n tanct , (4.8)

and for the constant source :

1 U~ 2/3
fB* f~/g tancx ( 4 . 9)

where f8 is the burst frequency , n is the line source density

and g is the uniform source density. The burst growth angle

is ~ and a~ is a non-dimensional parameter defined by,

~~~~ tanc~ . (4.10)
U~~U~

where U~, is the velocity of the leading edge of the burst,

U~ is the trailing edge velocity and,

Ug = UQ — U.~ . (4.11)
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The numerical values for U t ,  U~ and ~ were taken from

Schub auer and Klebanoff [4] (see Figure 2.1) .

If a line source function is used in Emmons ’ model
of the intermittent region, the following relations are

obtained,

f B* = 2~~( l — y ) t h (11-—) ( 4.12)

and

= 0.420 — (4.13)

where
= X ( 99 xI 0l (4.14)

The use of a constant source function gives the relations: 
-

fa* = 8.722 nexp[3.035(n3-~
3)]dn , (4.15) .5

,

and

= 0.412 
~B 

_~~! . (4.16)
Uco

where
— 

x — x ,
(4.17)

Equations 4.12, 4.13, 4.15 and 4.16 are obtained in Appendix B.

Equations 4.12 and 4.15 were used to obtain the theoretical

curves in Figures 4.4 and 45. The experimental results were

scaled using equations 4.13 and 4.16. 

. 5 .
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The burst rate measurements of Farabee, et a]. [10]

compare well with the present results for the smooth plate.

The rough plate results are higher than the smooth case, but

this is most likely due to inaccuracies in the measurement

of E
~
XT. The burst rates were measured with the pin-hole

microphones and ~~~ was measured with the hot wire anemometer

at a later t ime. If the source—rate function changed during

this time , the measured value of would be in error.

The theoretical curve of Figure 4.4 (line source model)

has approximately the same shape as the measured results

but its magnitude is too high. Emmons [9] points out that

this theory will predict higher burst rates than are measured.

When two bursts are separated by a very small laminar region,

a transducer may only detect one burst whereas the theory

will count two separate burst. (This is due to the smoothing

in the data acquisition computer program.) If two or more

burstsoverlap, the theory treats them as a single burst and

uses the period of the larger burst. However, if the bursts do

not completely overlap , the observed period is somewhat

longer than this. These effects tend to make the theoretical

burst rate higher than the observed rate. A basic assumption

in Emmons ’ theory is that the turbulent spots are completely

independent of each other. This assumption is not totally

correct but seems to be a good approximation, since strong 

- . .~~~~~~~~ . - - --=- -~~~ -.5~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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burst interaction would change the shape of the curve in

Figure 4.4.

The mean square pressure ratio (pZ~ ,~,/p2f ,~~1) is

plotted against intermittency in Figure 4.6. The mean square

pressure ratio is defined as the ratio of the total mean

square pressure to the mean square of the turbulent portion

only. If the laminar portions of the intermittent signal
.5 

do not contribute to the mean square pressure then the

following relation from Section 2.2 must be true :

p 2 1 y=l = ~~p~ I .y. (2.8)

The mean square pressure ratio must then be equal to y. Due .5

to noise and laminar pressure fluctuations (e.g. T-S waves)

the mean square pressure ratio was higher than y when y

was less than about 0.6. The difference increased for j
smaller y because of the greater amount of laminar signal.

4.3 STATISTICS OF PRESSURE FLUCTUATIONS

The wall pressure spectral densities for the smooth

and rough conditions are shown in Figures 4 .7  and 4 .8 .  The

spectral density was non dimensionalized by uco/q26~y, where

q is the total head (1/2 pU~), and the frequency was scaled

by ~~~~~ Results of Blake [2] and Willmarth and Wooldridge

[14] for fully turbulent boundary layers are shown for

comparison. The spectral density is shown for

~ 

-~~. J
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several values of intermittency (Y), ranging from 0.06 to

0.99. Each curve has been faired through 201 data points.

The maximum scatter in the data was 1 dB. The figures show

that the magnitude of the wall pressure spectral density

increased by about 10 dB as y varied from 0.99 to 0 .06.  The

results of Blake and Willmarth and Wooldridge are about 3 dB

below the y = 0.99 case. These variations in magnitude are

most likely due to an improper scaling of the spectral density.

In the frequency range of the present measurements (0.2 <

< 5) the wall shear stress of the turbulent part of

the flow (r~~ ) is a better parameter than q because it is

related to the flow behavior near the wall, where the pressure

sources are located (see Blake). Figure 4.9 shows the wall

pressure spectra , rescaled by 
~~~~~~~~~ 

along with the results

of Blake. A much better collapse of the results is achieved.

The turbulent wall shear stress was calculated using

0.455
__________ , 4 3 )  .5-

q -Qn2(0,.O6Re(x-xt~

(White [1]).

The low intermittency results are not shown in

Figure 4.9 because equation 4.3 does not give accurate results

if x~ x~ is small. This equation was originally obtained for

fully turbulent boundary layers and is not accurate at low

Reynolds numbers . Also , the error in (x-x t ) was large when

-.5 -~~~~~~ ~~~~~~.5 .  .5 .5 -
~~ 
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x. was near due to the inaccuracy in The transition

point (actually x/)....0 01) was measured after the pressure

fluctuations were measured so that slight changes in the flow

characteristics could have caused appreciable errors in Xt .

The spectra in Figures 4.7 and 4.8 roll off faster

at the low intermittencies than at the higher values. This H

is due to the effect of spatial averaging. The reduced

frequency (~~~ /U~) at which spatial averaging is important

depends on the ratio d/~~ , where d is the microphone pinhole

diameter. The ratio d/~~ is given for each curve in the

figures. The lower intermittency cases had larger values of

so that their spectra roll off at lower reduced frequencies

than for the higher intermittencies. In Figure 4.8, d/~ *

varies from 0 .48  to 0.99 and the change in the roll—off

frequency is most noticable .

The wall pressure convection velocities for the

smooth and rough conditions are shown in Figures 4.10 and

4.11. Each curve in these f igures has been faired through

201 data points, all taken at a specified tnterrnittency. The 
.5

-~~- . t t t .~’- in the data for each curve was about 10%. The fully

• ‘trbult’nt results from Blake [2] and Bull 113] are shown

- ,~~parison . The agreement with the phase convection

i t . s  of Blake is good. This is to be expected since a

.,n.Iw;ci th was used , whereas Bull ’ s group velocities

- - .- 
~~‘h i 1, ’3 octave filter. These results

— — - .5 - - . - -
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indicate that convection velocity does not depend on inter-
.5 

mittency and that the single roughness has no effect. The

y=0.l9 curve in Figure 4.11 goes only to w~~/U~ = 1.0. This

is because the magnitude of the wall pressure spectrum dropped

abruptly above this frequency and the convection velocity

could not be calculated .
.5 

Figures 4.12 and 4.13 show the normalized longi-

tudinal cross—spectral density magnitudes of wall pressure .5

for the smooth and rough conditions. Again the curves in

these figures have been f aired through 201 data points. The

scatter in the data was about 10%. The cross-spectral density

magnitude was divided by the spectral density and the

frequency was non-dimensionalized by rs/Uc, where r~ is the

streamwise microphone separation and Uc is the phase convection

velocity. These curves show the coherence in the pre-

ssure field versus the microphone separation in wave length 
.5

units. The results of Blake [2] and Willmarth and Wooldridge

[14] are shown for comparison . Our results do not indicate

any dependence on intermittency . However, the curves are

slightly lower than the results of Blake and Willmarth and

Wooldridge. This difference can best be explained by the 
.5

fact that in the intermittent region, a turbulent spot will

.5 not cover both microphones all of the time. Thus, for part

of the time one microphone will have a laminar signal while 

.5-- -- -- - - -. 5 - -~~~~~~~~ -- . ---~~~~~~~~~~~~~~ - - —-~~~~~~-..5,- - , — - ~~~~~~~~~~ .5- . 5 —
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the other has a turbulent signal (see Figure 2.3). This

reduces the magnitude of the cross-spectral density. The

results for the rough wall were similar to those for the

smooth wall , but decayed 1.5 times faster. Blake ’s rough

wall curve decayed much faster but it was for a more severe 
.5

roughness condition.

The normalized lateral cross—spectral density

magnitudes of the wall pressure for the smooth and rough

conditions are shown in Figures 4.14 and 4.15. The results

for the fully turbulent boundary layers of Blake [2] and

Bull [13] are also shown . The vertical bars show the maximum

variation in the data for all intermittencies measured.

Measurements were made at five values of intermittency for

each figure ranging from 0.28 to 0.99. There were no

variations in the magnitude which could be attributed to

changes in intermittency. These results compare well with

the results of Blake and Bull.
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5. CONCLUSION S

Measurements of the statistics of the wall pressure .5

fluctuations in the intermittent region of a viscous boundary

layer on a flat plate have been presented . They were found .5

to be similar to the results obtained in the fully turbulent
.5 - region by Blake [2], Bull [13], Willmarth and Wooldridge [14]

and others. When properly scaled , the statistics agreed with

the results cited in previous reports for the fully turbulent

region (to experimental accuracy). The wall pressure spectral

densities did not all collapse to the same curve, but this

~ t was due to the inaccurate determination of the wall shear

stress and the effect of spatial averaging over the microphone

pinhole. The wall shear stress is essential to the correct

scaling of the spectral density. The reduced frequency .5 
.5

(wd .~/U~) at which spatial averaging becomes important depends

on the ratio of the microphone pinhole diameter to the tur-

bulent boundary layer displacement thickness. The similarities

in the properties of turbulent spots and turbulent boundary

layers seem to indicate that the underlying physical phenomenon

is the same in each case.

The structural excitation due to the intermittent

region of a boundary layer may therefore be determined by

using results for fully turbulent layers if the effect of

the intermittency is accounted for. The location of the

- . 5  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --.5- - -  . ----- a—--~-
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transition point and the variation of intermittency must

be estimated first. These calculations should include the

influence of surface roughness, free stream turbulence and

other external effects. The variations in intermittency

measured here were found to be similar to previous analytical

and experimental results (Emmons [9], DeMetz and Casarella [3]

and Schubauer and Kiebanoff [4]).

The burst frequency was also measured and the

results agreed well with the previous measurements of

Farabee et. al. 110]. However, the burst rate computed with

an Enunons type spot growth model was shown to be inaccurate.

When a small , two dimensional, downstream facing
.5 step was put in the plate near the leading edge, most of

the statistics of the pressure field did not change. The

only exception was the longitudinal cross-spectral density

magnitude. With the step in place this function showed ~,out a

1.5 times faster decay. The step also decreased the trans-

.5 
ition Reynolds number from about 2 x io6 to 1.2 x io 6 .5

.5 (based on x).

Further studies of the intermittent region of the

boundary layer are warranted. The study of surface roughness

effects should be extended to include several types of two

and three dimensional roughnesses commonly found in marine

and aircraft structures (i.e. seams and rivets).
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- An improvement of Enunons ’ [9]theory to account fully for .5

.5 overlapping bursts in the computation of the burst rate and 
.5

.5 burst period would be .valuable. Precise measurements of

the turbulent wall shear stress in the intermittent region

I would also be useful. This would aid in the prediction of

I the wall shear stress for low .Reynolds numbers.
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APPENDIX A

COMPUTER PROGRAM LISTINGS

.1 DftTA A3tJIStTI~~ PR3 R~~ (?3RTP~ ’ DDE)

:3’IDxrI)N~LLr ~VER~~ED R13S—SPE:TR~ L DE~ SIFT PRD~ P~~
r~is PR3~pr~’~ IS D~ST~ NE) TO SPII~PLE DftT* ~~D TI1~~:3MDIT IDNPILL! RE3~ C~ ~R KE~~P T HE D&?A P~~~~1~~ ~~
PRES E T ~RICC~ RI~~ LEVEL.
‘IP~1N~ L I IS T’I~ ~RI~~E~ I II TWO I~~ N E L  ~3OE , ~~‘IP~1N~ LS I A1 $D V ~RE TH EN T~ PUT t v1’! THE ~R~~~~— sPF ~ rpr~T

~‘~k L Y S I S  PRDS~~~ )F R I 4  DCT 3~G.
~ur~ur IN LUD !S tHf~ R’~ B~F3RE I.~~fl AFT ER C3NDTTID~ INC,,
~ 4D TIlE R3 SS—SPE TR~ L ~ur~~ r FDR ~PLOT.

THis IS V! R513N E ~)V ‘‘7 4~ RLES ~CDt*~ Y

IWPL I IF I W t E ~ E R * 2  ( I— N )
3I~~~!45IDN P 3 x (2 5 5 ) , Dsy (2s 6 ) , :O(2 56 ) ,3 PAD( 25S) , r A M2 5 ~~)DI~iE NSI~ I( SENS (2),~ AIN (2) ,S ALFI (2),NUATA (2,512)
DI~ENSI)N R’qS(2) , RM~(~) ,R’~5RAT (?) .DRMS(2 ).~ kND(2)DII~EN I)% S3RN(2),S3R~(2),D~~~Y(4),LDATA(2, 23~$Q)DA TA SENS,~ AT N ,~ P~ND/3.3, 3.3,0.0,~ .D,D.O,1S3~~./D&r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~DATA MDEV ,N31T5,ff311?/6, ,25S/
DA?~ FREQ,SI1o,r~YE/15333.,21.3,25 ./C
I N ITI A LI Z E

AL L PR I V
ALL SINTAB (TAB ,NBtrs)

11 VRIT E(IUEV ,12)
12 F3R ’~A ? ( ’  C€R1 ’PiI~ VA R IA RLF.S A RE PRESET ’ ,,,’ ro A :CEPF, ~rr RET’J~~’’,

— 
1 /,‘ TO l)DTFT, TVPE P1EV V A L U E S ’ ,/)

130 31?INUE
VRI rEINDE v ,1o1)SENs,;A IN

101 FORMA? (’ SENSITIVII’!U,T) AN D ~AIN (~ ,Y) (OR) (3FN~ -RE Il/REF)
1 ‘/1* ,IIF1O.5)
READ (NDE V,102) C DUUHV ( 1) ,1 1  ,te)

132 FDR~ A?(~$F1 3.2)IF(DU !(1).E3.3.D) 3 T) 11)
DO 133 1— 1 ,2
3~~I+2
SENS (I) DUN!’II(I)

103 & t~~( I ) DtJ ’UUC7 )
• 3 TO 130

C
I1C W R IT E ( N D EV ,111)PREQ, BAND
1 1 1  F O R N A ? (  N A X  F R E 2  L O— ) I JTP LI T R A N ’ ) S — H I  tHZ ) ’ ,/ ,1X ,3 F1!~.1)
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READ (’IDEV ,11 2)(~ URPtY (T),I 1 ,3)
112 F3RIA? (3F13.2)

IF(DU~NY(i).E3.).3) ~3 tO 113FRE~—DU~~Y (1)

B A N D ( 2 ) — D U I q M Y ( 3 )
;o To 110

¶ 1 3 TNTV L IFII(3,2E)7/FREQ#3.5)
FRE7z3.2E37/?L~A? (IP11’YL)

120 dRIT E( N D EV ,12i )tRI~
121 FORNA? (’ TRI~~ ERIN~ LEVEL (YREFIRT R~ SF )’~~1I,I13,5)R E A D ( ~~OE V ,12 2 ) D J t q~~Y ( 1)
12? F3RIA?(F1).S)

IF(DU~~Y(1).E3.).3) 0 TO 123TR I ~~aD~J~~~!( 1)
3 to 120

123 3ITIP1t JE
JSAI P—ISAP! P

it e c w R I r E f l 1 !~gV ,1ls1)sp ~31I ~1 F~ R !~A ? ( ’ S ’DOT H INC INTE RVA L ,/,1X,FR .D,’ 5ARPLES’ )
REPID (’IDEY ,lle2) )0N 1(1)

1’$ 2 ~~~~~~~~~~~~~~
I1 (DU ”~Y ( 1) . E2 . 3 .0 )  ~o to 1t ~3

ISI~3— ( IFU(S!i))~ 2)~ 2. ISN3 2FLOAT ( ISNO)
~3 T3 1~eO

111 3 ISI3 IFIX (SNO)

iF RE 3 2  • SB 11 19E12
KSM3 (ISMO+ 1)/2
3SM~~— J SAM P—k S13-1
LSA’~P.JS~ O—K S~~~#1
XSAi P~ JSA !!P—1

150 WRITE (NDEV,15i) AVE
151 FORNAT (1X,F1O.2,’ AV !PA;Ec )

R E A D ( N D E V ,152)D!J ’~~Y ( 1)
152 F3R IA ?(F1O .5)

IF( DU~~~Y ( 1} .E 3 .) .O)  0 tO 1S3
AV E DU~~~Y (1)

~3 ro iso

— 
153 LIfl !T 1F11 (AV E )

— 

WRITE (NDE V ,160)
160 FOR !A?(’ FOR IUEPNI??AN~ Y ~P1LY , TYPE O’,/,

I • 
~DR SPE 1’RAL A1P ~LYSI S,  TYPE 1’)

READ (NDEY ,151)IPFT

— 
161 FOR!IA? (I1)

VR II ’E (NDEY,173)
170 F3R~~A?( TYPE I TO NODIFY VA R IAB L E S ,/,

I • TYPE 0 TO STA Rt SA~~PLTN~~~)
RE *O (NDEV ,171) ID

171 FORNA? (I1)
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IFUD.Wt.O) C) TO 133

• C
CL EAR ~WT PU? ARRAYS

1330 DO 1031 I.1,NOJT
P511 I)al.E—33
PSV ( I) . 1.E—33
3(I) s 1.E—33

100 1 3IJAD (T).1.E—3~
3AiT0r .3.3
0) 1032 1.1,2

DR~lS( ‘1) ‘0.0
133’ P~l3(I)’O.3

B UR ST.). 3
a

!IAIN AVERA ~ 1N ’ L3OP

1303 1C30NT.ICrflIN?.1
TF(tC)UP1T.~ T.LI~ IT)~ O T) 12)0
03 1001$ 1.1,2
53H(I)’D.O

1301$ S3R~~(I).0.3

A Y E R A~ T NC L330 rOR DATA C3LLE TI~~

h O C  1 A M 3

C
R EAD DAT A

1101 CALL IPIV RT (IDA?A,3, TSANP,INTVL,LERR)
IF(LERR)91 ,1133,91

1 :3NtI ~ ’JE
W R I I ’ E ( N ) E V ,1 1 3 2 ) L E P R

1102 F3R~ AT(’ A/D FAILEO’ ,I2))

~O TO 1~~O3
1133 ALL O N P A ~~~( I D A t A ,I 5A~~P )

DO 213 1.1,2
NSU~ — 3.3
DO 203 J— l, ISAM P

200 NSU~ —NSUN +IDATA(!,J)/TSAMP
DO 21) 3m1 ,ISAI P

21 0 10A1A (I,3)— IDATA(1, J)—Il U’c

a

DEFINE INTCR~ I ttAN~ f PUICT ION
a

DO 1112 JskS13,JS~3
• 03 11 39 I.1,t~~)

~. J — kSN 3 + I + 1
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DIPPY.D!FFT~ D1rPYDETE !~’DETU.DIF?!1109 0$TINUE
IF(DE?Et.L?.?RI )CO TO 1111
IF( IFLC.LT.1)BURST.BURST+I.3
IFLC~ 1

DO 1110 I’1,2
ADAT .PLD*T (IDATUI,3))
5391 (I)~ S3Rfl(I)+ADAT ~ AD A T

1110 3~?INUE
O TO 1112

1111 IFL O
DO 11)5 1.1,2
ADA?— FL 3AT (tDP~1’A(I,J))S)R1(I)’S)RII(I)+P~)AT~ A DAt
IDATA (I,i).3.3

1135 ~3NTI!tJ!1112 ~3N?I1UE
~•1

IS DATA ARRAY FILLED ?
a

~E D.X5N3 ,NSArq P~ 1
03 1115 I~ 1,203 1115 3.KS1),(E~ D3J ’J—K SNO + l

1115 NDATA(I, 33)aIDAtA(I, J)
A kK — A K IC +1 .0
I1’ER.IrER.I
1F(IGA1 .CE.NSA ~ P )O TO 1123IP(!TER.CT.I03) 3 TO 1121
CO TO 1101

1121 VRItE (NDEV ,1122)
1122 F3B~ A?( CUNA TOO L3W )

CO TO 1500
C

FIND CO NT I ONA L US R A T I O S

1123 AR .PLOA? (ICU)
NI’,?

SAN P~ LSAN P~ I?ER
DO 112’s 1.1,2
RNS(I).(S3Rff (I)sS3RN (I))/Sk~ P+RP13 (T)RNS(I)~ S3R!UI)/3AR+CRNS (I)DRflS(I).S3RN(I)~ (SANP—CAN 41 .E—I3).DRNS(t)
IF((SPi!IP—CAI) .LE.3.3)DRIS(I).O.)

1121$ ONTIN ~JE
a

IP(IFFT.NE.O)C3 TO 1125
CO TO 1303
AL UL&TE FOORIER TRANS PORN AND ADD TO RESULTS —

1125 flI N?~ (SANP/(C~N+1.E—3)))~’.2S
CALL FVTC(WDATI,TAB, NRT?S,1)
CALL CFS (IDATA (1 ,1),XI)
ALL ?SCNDATA (2,1),f1)

PSX( 1).PS~( 1)+1$.~ X1~ X 1~ VEICI1T~ WET CR?
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PSY(1)SPSY(1)4ls,eyleyl* 1IET3IIT*WEI:9y
CO(1 )—CO(1)+’s.~ V1•X1~ WErCHT~ V EI~~I?DO 11 26 J~ 2,flOLJ?
ALL CFS(NDATA (1 ,3.),t1)

CALL FS(NDATA (2,J),f1)
J3 ’(SANP—J
CA LL FS (NDA?A (1,33),12)
CALL CFS(NDATA(2,3J),12)
1R ( X1+12) iC1 3T
II.(Y1_12)*WE! (?
YR (I1+Y2)~ WEtCII T
YI~( X2—X1 )~ W E! 4T
PSX(J).PST(J)+IR*IR+XI*(I
PSI( 3)aPSY(3)+Y~~ YR +Yt’fI
3( i)~~)(3)4!R~ IR +YI’XI

1126 )UAD(3)~ 3UAO (J)—YR ~ Kt +rI’!R
CO TO 1303

C

INTEUI?T*NCY OflPU?
C
120C WRITE(NDEV ,1231)
1231 F3RMAT (’ RNS (L%N,TORB,?OTAL)’)

FA TR..)301525/33R? (AVE)
DO 1202 Ial ,2
RtiS(I).SQRT(RNS(I))*FA ?R
CRNS (I)zSQRI’( RIS(I) )•FAC?R
D RN S( I ) ’ S QR I ’( DR~lS(I )  ) •FA CTR

• R I S R A T ( I ) Z R N S ( I ) / D R I 1 S ( T )
1202 ~RI?E(NDEV ,1233)DRflS(I),CR’I5(I),RNS(I)1233 FORNAr (1v~,3r13.5)

SAfl?OT=FLO&T ( LSAN P )~ *KIC
CAN’CAMTOT/SANTOT

- VRI? E(%DEV ,1201e)
1201$ F OR NA1’ ( ’ US RATID (1,T)

W RI?E(NDEV ,1233)RNSRIT (1),RNSRAT(2),GA$
B tJ R A?E *BUR ST *FRE Q *2 ./ SANTOT

I B U R P E R ~~~A N / ( B U R A ? E + 1 . E — 3 O )
IF(BURATE.E3.O.3)RURPERsD.3
N RI 1’E( NDE V, 12 35)

1205 F O R R A ? (  A V E  BURST R A T E , P E R I O D ’ )
N R I P E ( I I D E V , 1236) B U R A T E ,9 U P P E R

1206 FDRNAT(1Z,2E1).a,’ (SEC)’)

C R E T U R N  TO B E C I N N I N G  TO RESET V A R I A B L E S
a

C 
IF (IFF? .E3 .O)  2) TO 100

C OUTPUT FOR SPECTRAL ANALYSIS SECTION

AL ULA?1 SCALING FACTORS

FAE~ 5.’S.~256.5CR LEs’s • 311294 •ALOC (PA Ut F9E7*A YE) )
S ALEX( I ).SCALE—SEWS ( I ) — C A T N  ( 1)
SCALEI( 2)~S ALE—SENS( 2) -CAINt 2)
S ALE~3.5~(SCALEX ( I)+S ILE~(2))
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C
C PRINTED OUTPUT OR PUNCEED TAPE ?

1300 MRITE (IDET,1301)
1301 FORNATI ’ Ch OOSE PRTNT (OS),PUNCH (31),RESTAR? (0D),5I’Op (—l)’)

RFAD (!IDEV, 1302) 1 H
1302 FO9NAI’ (12)

IF(ICN.~ 3.)) ~) TO 130
IF(ICH.LT.3) CO TO 1500
VRITE(NDEV ,1333)

1333 F391A?(’ FRE) PSD—X PSD—T CPSD—XY PHASE COR!P’,/)
DFsFRE3/255.
R L S I F I X ( B *I I O ( 1  )/DF+ 1.5)
NOsIFII( (BAND(2)/DF+1.S) —

lF( NU.CI’.N3U?)N~ .NOtJ r
DO 1301$ I aN L , L J
FR *DF*PLOA?(I—1)
PSI 3U?—~4.3’s29’s•AL3C(PSX(T))+SCALEX(1)PS!3U?s~s .3t l29 ’s~ AL 3~ (P S Y ( I ) )  s S C A L € X ( 2 )
XIlrIC z :D ( I ) *CO (I ) .3 0A0 (t )  *O U A D ( I )
OqER’X’IAC/(PSX(I)•PSY(r))

XNAC .2 . 17 1’s7~~AL ) (X ~!kC,1 . E — 3 0 ) + S AL F
P~1~~A T * *2 t 3 O A D ( Y )  , 3(t ))~~57.295?B

1331$ NRITE( I ,1 R O 5)FR ,PSZOU?,P SYOU? ,Z MA ,PN, ORER
1335 FORMAT (1X ,F6.3,’sF7.1,P5.2)

— 
C) TO 1303

3U1? PR OG R A N

1500 O*TINUE

END

A.? DATA A3UISITI)I SORPROCRANS (INTERDATA ASSERBLY ODC)

SU BROU?INE U N P A C K
•AR U’IENTS NDATA DATA ARRAY

NSUP NO. SARPLES
•3 ipA ~~ ONV E R ? S ST ORAC E Of N ) P .TA FRON BYTE TO H A L P V O R D  POR N

SUP!  UP P AC~
U *P A C~ SYN P 1,SAYE SAVE P ECI STE R S

LII 71DATft, 2 ( 1S) FETCh A D D R E S S E S
LII NS A IIP, 8( 1S)
CII N S A M P , 0 ( N S A I I P )  L OA D CONS TANT
SET POINTERS
%RR NS*IIP,NSAN P NSANP.NSAIIP•a
SIS $SANP ,1
LhI R R I D , N D A ? A
A i R  I ID , I S%N P
lii i N SAN P, * SAN P

- - r:~~~~--~-~~~~-~ -, -
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LHR TOP,WD?ITA
A H R TOP ,!$SAN P

•JNPA K DATA
LOO P LB ?EM P ,~~( N I D )

S & B R  ?EiP ,T E I P
5TH TENP ,O(?3P)
513 TOP ,? BLIP P O I N T E R S
SIS 110,1

L H R  ?OP ,N D A T A
RNL LOOP
LN R L , S A V E  R E S T O R E  RE I S TE R S
3 5(15) RETURN

5 A V F ~ 03 1)
ftc EQJ 11
P 1 D A T A  570 11
‘$3A~~P £30 12M I D  E~~ 13
TOP E)U ill
T~ 1P £7U 15

EI T RI P R I V
• C A L L  P R I V  TO ALLOV I/O INSTRUCTIONS PRIV WEEDS TO RE ALLED )NLY
* O NCE PER P R D R A N ( N A T R L T N E )  E~ ECU?TO N, RU’ AD )TTYOIIA L CALLS ‘))W’T 9URT

* AS SUIES POR~~R A P 1  :~~~~t so p11 + 11$
*

PR !! L~ 1!4 ,T ’ C’ CE? OLD S!C 3 P A R i S
LIII 11,PRC SET POINTER TO PR.

• srR 11 ,X’9 ’
SV 3,3 S W A P  PSN S

P3 STH 1~l,X~~ C’ REST)R! OLD9 2(15) ~E?IJRP1E N D
T I T L E  ‘JI PACK D A T A  FRO M A)
ENTRY UP SAM P

* U P SA N P ( r A , NS A M P)
* IA IS IiTE ER~2 ARRAY FROM N Y R T
• N SA I P  15 ‘~J iBER OF )ATA SAM PLE ~A - X~1
* D AT A IS U I P A C ! E D  TO A R R A Y  ~3~~~A T (2, N S A N P
IiPSANP sri 9,RSA Z

LII P1,14(15)
LII N , O ( i )
LII AA D R ,2( 15)
A I R  V,N

AlI R A A D R ,P
L IIR 3 A D R , A P t D R
A 9R BADR ,P1
LIS tiIO,2
SlIP OA DR,TVO
3H R R R D R ,TiO
LIII L1,L)1
LIS FOIJR,11

• L)1 IS D1,O(AADR)
LB fl2,1(RADR)
£ X B R  D 1,) 1
£IB P D . , D 2
5Th  D 1 ,— 2 ( B A D R )

_____________________________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_A~ ,., ~~~
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S ThI )2 ,0 ( BADR)
S~IR A A D R , T i O
S~IR 3ADR,POUR
Shi ft

-; 3PR LI
Li B,RSAVE
All 15,0(15) =

3R 15
RSAVF 03 16
N £30 S
P.1DB 870
SADR E7U 10
T~I3 130 11F O UR 530 12
Di EQO 13
02 EQ~J 11$
Li £03 15

A.3 SUN PROC RAM ~~3NYRT’ (IIITERDAFA ASSEW~ LY CODE)

•********* **** SAMPLE A/D CONVERTER * * * ~~~
ENTRV COURT (*,RC hIAR ,NSAM P,PERI)D,LERR)

• F O R T R A N  CAL LABLE ~ J 3ROUTIN!
* A IS INVE ER 2 A(2,ISAMD/2) AUA OF D A T A  ( N C H A N z O )
• I N ? 5R 2 A ( W 3 A P 1 P~ 2) IF N I I A M  NO? ZER O
• PERIOD IS IN T F ER C I V I N C  N U M B E R  OF MZ ROS~ CO$DS BETW EEN CON V ERS I ON S
• NSAIP IS NUMBER OF ~~IVERSIONS I’D RE MADE
• L E RK IS L O C I C A L  V A R I A B L E
• R E T U R N E D  TRU E IF E R O N  )

~~ URS, ELSE .FALSE.
• NCHU IS IIANW EL TO SAMPLE
• 3 BOTH CIUNEL S.  FIRST DATA JILL RE HAINEL A
* I Ch ANNEL ii ONLY
• 2 A 9NNEL B ONLY
* EVE3! )NVERSIDN ?A~ ES UP ORE BYTE OF SPACE
• 3UTPU? DATA IS RIPLOAR, (P 31? SIGNE) sCALED FRACflDN)
COU RT S’TN 3,RSAVE
LIII 11,1’23 SE? Up :3q ia~ o
US 10,1 TWO BYTES PER SAMPLE
LM 12,2(15) .ET A D D R E S S  OF A RC S
LIIR 3,12 SET BECINNINC OD DATA AREA
LII 13,0(13) CE? ICHIR
3ZS BOTH DOING BOTh IAMPELS

O uR 11 ,13 OR ZN NANNE L N3MBEP
ORI 11,2 TURN 31 318 M*IIEL MODE
LIS 13,3 Oft BITE PER SAMPLE
B)TR 830 .
LI fl,D(111) 38? ~~AP1P
SUIt 111,0(13) RULTIPLY PT LENGTH OF I TE N
AU 12,14
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ITS 12,1 GET END 3? SUFFER
LU 11,12 SE? €110 0? )ATA AR EA
L IE 1 ,E’56’
OC 1,S?3P STOP IT FIRS?
LII 12,3(15)
515 12.1
WhI R 1,1?
L I S  12,)
5~~~ R 3,12 FORCE 3 STATUS, S$!E OLD STATUS
OCR 1,11 OUTPUT START OMMAN )
R BR 1,3 READ THE DA TA
E P S R  12,3 ~E S T ) R F  DL) S T A T U S ,  S A V E ERROR FLA C
O 11,5?OP STOP I T  A k111
LU 12 .12 TEST ERR O R
3ZS 31
L S  12,1 —1 ‘ F D R r R & I  . T R U E . ,  3’.F A L S E .

D( L II  h!~,RS A V E + I O
Li 15, 13( 15)
5TH 12,3(15) STOPS ERROR P’~~AMFER
Li 0,RSA ! IE RETURN TO FOR TR A N P R OC R A M
III 15,3(15)
3K 15

ST OP DB X ’i 3 ’
*

R 5AV~ OS 32
~1D

A,Is PRESSURE STATISTICS PL 3FTIWC PR3CRAP (FORTRAN CODE)

a
C P R C R A M  TO PLOT TH E  WALL PRESSURE STATISTICS MEAS URED I! A BOUNDARY LAY~ R

THIS  P R O G R A M  I N P U T S  POWER A I D  CR O SS S P E C T R A L  D E R S I T I E S  EP O ’
C TIl E DATA A7UISITI3P PROCRAM , 1 4—DIM F’ISEONALUES TREM A R1~PL OT S T I E M .

ENFEGEK 2 XL,ID
DIMENSION A R RA Y (2,6,2O1) ,XS(4) ,KL t l s ) , I D ( P ) , A ( h 1 ,2) 1) . ’E1’(2)
1,RDUGN(2),NVAR ( i1)

LO CE CA L NYA R
DATA ROOCH /3 l3WD,3qROU~
DEFINE FILE 1O (20,1250,3,WR P)
03 5 1— 1,11

S IVA R (1)’.FALSE. ~~C INPJ T D A T A
C E $ E R A L

R5AD (S,IO )NRUN S I~~~~~~ I

10 LORMATCIR )
00 190 IT.I,NRORS

• TAPE D A T A

9 

_ _  _ _ _
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R E A D ( e , 2 O ) ( I D ( L ) , L ~ 1,S) , N R P , LOC ,NP L O T ,WP R , N I f l , L R

20 FDRMAT(S*2/617)
TEST C O N D I T I O N S

READ (S,33)US,UL ,RS,RL,D;,DPhI,TS,:AMS
30 FORMAT (BFIO .3)

FIN) DA TA
GO TO (113,130),LOC

DATA ON FILE (ASCII )
leo DO 60 (‘1,2

RE*D (12,53)((ARRA !(K , I,1),I.1,6),Js1,NMAX )
R5AD (S,55)((ARRAY(I (,I.fl,!a1,6),Y~ 1,RMfl)

C 50 FOR 1IAT (iZ,F7.O,4r7.1 ,F6.2)
55 F0RMA? (1I,F7.3,~sF7.1,F5.2)
50 ORFINtJ E
A L I J LA TE DEN S !?!

RO*—0.3323*?S+1.352
C ST ATISTICAL CALULATIO WS
C IVITIALIZE

N P11’ 113

LFLA =0
7SsRO~US~US~ O.5RSD~zRS~ US
RLOUsRL/UL
RSOUPzRSDU~ S7.2 57B
DSDU~ DS/0SPSDIiz0.O79S798/DSO0/3S/QS~S3R?( C A R S )

C SPECTRAL CALCULATIONS
EEC AR RA I (1,S,1).LE.O.O)SRCIzBRCII+353.3
I F ( A R R * T (  1,5, 1 ) — A R R A T ( 1 ,  S,2) . E . ) P H ) L F L A C ’l
DO 93 3=I ,1iA~
31’J+l
32’J+2
W **RRP~!( 1,1,J)*5.2831)

C ADD 2 Pt TO PHASE FOR EA I4 BRANC h OF AR TA N RDSSED
A RRAY ( 1, 5,3) zARR &Y( 1, 5, 1) +BRCII

C A DD ANOTHER 2 PI IF RO5SINC A BRAR H
BR H *B R CII+ 3 53 .) *FL DA T (L F L AC )
LFLIG ’3
IF(3.;E.NMAI—2);D TO 73

C TEST FOR BRANCH
IF (ARRAY( 1,5,31)—ARRAY (1 ,5,32). E.DPH )LPLAC=1
I F ( A R R P . Y ( 1, 5 , 3 2 ) — A R R A Y ( I , 5 , J 1) . E . DP H ) L F LA z—1

A L U L A T E  1) 1 1 — D I M E N S I ON A L  STATISTICS A N D  E R R O R S
70 A ( 1 , J ) z V * R S O U p f l R P A U I ,5,J)

A (2,3) =W~ DSOU3, J)s V* R SOUR (  1, 3)
A (tI ,J)ahI*RLOU/A(1 ,J)
DO 80 1.1,2
N1.IC+11
11221+6
A RR AT (k,2,3 )ZD.5*(ARRA! (1 ,2,J )+ARRA Y (.K ,3,3))
A(Ni ,J)’2.0 ( RRRAUK ,3,3)—ARR&I(K,?,3))
A (12,3)’1O.~~~(( ARRA ! (K,~ ,J)—ftRRA !(K,2,J) )/13.0)

BO CONTINUE
A (9,J)a1D.D*AL)G1D(10.**(ARR&Y(1 ,2,J)~~1O.O)*PSDIM)
A (13,3)SARRA !(1 ,1 ,J)

- - _ _
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A (I1,3)~ AR RAY (i ,S,J)

90 3N?INUE
C WRITE MON—DIME N SIONAL SPECTRA 01 FLOPPY DTSI (BEN)

JR!TE ( 13’ NRP)( (IC 1,3) .1’ 1,11) ,31
33 TO 110

C READ NONDIM!NSIONAL SPECTRA FROM FLOPPY DISK (BTN)
1~~0 READ(13’NRP) ( (A(I ,J),121 ,1i),3’l,NMAI )
PRIN T N JMBER S ON LP ?
110 30 TO (120,1S)),N P R
120 IRII’E(5,133)(T)(L),L.1,3) ,U3,RS,T~ ,R 3,0S,UL,RL,R,U3hI(LP)
Ut FORMA T(1H1 ,81,/121.’UIM! S!P.’,T~ 3.’T!MP OFIS O~ LST1 / (S1’R)’,C1X ,5E 13.3/’ (LA?)’ ,14!,2E13.3/13X,A 3)

iqIrE (s.143) (CACI,3),I=1 ,11),3=1 ,NMA X )
111 0 FORMAT(’O ~J / J  W.D~ /U’,T24,’W,R/UC’.Ttl 3,’ERR0Q ~4I(R)/PH11 (W) PHI(W) FRE3 PI1ASE’/’ (!T~ ) (STR) (STR)

2 (LAT) (STR) (LA?) (STR) (L’T) (NOR—DI R ) (HZ) (D!~ )’/3(F).U,3F9.3,F5.1,P7.1 ,2F~~.~~,FB.1 ,2Fi).1))MA K E PL)TS
15C IF(NPLOT.E).3)3) TO 1QO

DO 155 3 !PH ,NiAX
A (1 ,J).3.
A C  3, 3) *3.
A (~$ ,J)z),155 CORTII7?
03 1BO EP=I ,NPL)T
READ (3,1SO)NY ,IS,U,XS,CL

160 F3RqAr (3I7 ,11F7.3/!$3A2)
DO 173 I.’1,3
XL (L)’IO(L)

• 17C CDNTI’I’JE
NV PIR (N’I)..TRLYE .
I. ALI.  PL TR (A , i1 ,XL .ES,WVA R ,NMA X, RX ,— 1 , 13311 ,tS,F1’,i)
*VAR(NV)* .FAL SE.
PA’JS E

IPC :ONTIM’.P’
190 CONTINUE

ALL EXIT
END
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APPENDIX B

CALCULATION OF THE THEORETICAL INTERMITTENCY
AND BURST RATE FUNCTIONS

Emmons [9] derived the following relations for the

intermittency and burst rate at point P(x,y) on a f la t  plate.

y(r) = l_exP -J g(P0)dV0] (B.l)

g(P
= 

fR 
° eXP[_JR, g(~~~ dv~ ]dV0 (B.2)

where the point p0 is in the “retrograde cone” R and the

point ~~ is in the “ truncated cone ” R’ in the (x ,y, t)

coordinate system (see Figure B.].) . g ( P 0) is the source

rate probability density function and t~t is the duration of

the burst at point P.

The integrals in equation B.l and 8.2 can be

solved if the volume element dV0 is written (assuming a

triangular burst shape),

dV0 = 
~~ 

(x-x0)
2dx0, (B.3)

U U
where, cy* = tancL , (8.4)

_ _ _ _  -- 5 --— - 
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4 Retrograde
Cone , R

Iruncated

r
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

of dependence of point p

Zo~~ of Influence of point Po

FIGURE B.1 Rectrograde and Truncated Cones Shown In the x,y-,t, Coordinate
System Aft er Emmons (9]. (A Triangu lar Turbulent Spot Shape
Is Assumed ).
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U~ — freestream velocity,

-t U2, — leading edge velocity of bursts,

U~ trailing edge velocity of bursts,

a = half angle of spread of bursts,

and U
g

dV0 can also be written in terms of ~t ,

dV0 = t~ tdx0dy0 . (3.5) j
Case 1: Line Source

The first assumed form of g(P0) is Dirac’s Delta

function,

g(P0) = n~~(X 0 
- xt) (B.6)

where n is the number of sources per unit length per unit

time along the line X = X~~. Substitution into equation B.l

yields,

nat 2y(P) = 1 - exp (— -j-- Cx — xt) 
] . (B.7)

The inner integral in equation B.2 becomes,

(X0 0* 2J n6(x’ - Xt
) 
~j— 

Cx - x )  dx
0 =

n (x - xt)
2 H(x0 

- xt) . (B.8)

--5— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --- n~~~~~- r~~~~~~~~~~~ --
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Where the Heaviside function , H(x) is used since the value

of this integral strongly depends on the relative locations

of x0 and X~~. Equation B.2 becomes

(B.9)
x y+d no * 2= 1~ 1y-~i 

n~ (x0 - xt)exp [-. -
~~~~~~

- Cx - X
t
) H(x0 

- xt)]dy0dx0

where d = Cx - ) C )  tana (B.lO)

Solving the integrals in equation 8.9 gives

* 2fB = 2 n t a n a (x _ X
t

) exp [_ 
~
*_ (x_x

t) 3 . (B.ll)

The nondimensjonaljzation ~~ ~B 
is done as in Farabee et. al

10 : ____

f8* 
~ ~B’~ 

tana . (8.12)

Combining equations B.7, B.].]. and B.12 yields,

f *  = 2 (4.12)

and

= 0.420 
~B ~

XT/U~ . (4.13)

Case 2: Constant Source

The second form of g(P0) is a constant for X0 > X~~,

0 (X0 < Xt)g(P
0) = {

~ (X > Xt) 
(B.13)

--5
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Equation B.l now becomes,

y(P) = 1 — exp[— ~~~ Cx — X
t
)
3
] (B.14)

and 3.2 becomes

= 2tancz g 
~
X
T J  

nexp[~
.
~~ ~X,r

3 (n 3—i3) ]drI (B.15)

— 
x _ x

twhere X = (B .16)

and 
~
XT = x I ,~..0 99 — x.1 1...0 01 (8.17)

Combining 3.14 and B.17 yields,

j3TJ
= 1.45 3j—~ . (3.18)

~ 
go~

Rewriting equation B.15,
(8.19)

U~ 2/3 ~x 3 3f3 = 8.72 gtana(—) nexp[3.04(n —x
ga * JO

Nondimensionalizing f3 again as in Farabee et. a].. tb ],

2’3fB* ~ f3/gtanc* C—) “ . (3.20)
go *

Combining equations B.18, B.19 and B.20 gives the desired

relations , 
—(x

fB* = 8.72 ~exp[3 .O4(n ~ — 5~’)]d~ ( 4.15)
~0
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and

f *  0.412 
~B ~

X~/u • (4.16)

-
-1 
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